Abstract: The small testis (Smt) mutant mouse is characterized by a small testis of one
Introduction
Despite the advances in assisted reproductive technologies, 15% of human couples are infertile worldwide. Clinical diagnosis for some idiopathic infertility cases is hindered by a relatively poor understanding of the basic molecular mechanisms regulating fertility [21] . Over 200 genetic mouse models for various stages of reproduction have made a large contribution to the ac-cumulation of basic knowledge on the genetic aspects of mammalian fertility [21] . However, it is pointed out that the genetic control of mammalian gametogenesis is not fully understood because of the paucity of mutations causing infertility [30] .
Male infertility accounts for 5% of human sterility, approximately 30% of male infertility is estimated to be caused by genetic defects [22] . Defects in spermatogenesis give rise to sterilities such as azoospermic and oligospermic syndromes or sperm dysfunctions. The majority of unexplained cases of infertility in human males results from spermatogenic defects, which are difficult to analyze genetically [30] . Accordingly, the homologues of infertile or subfertile genes in mice are being actively researched for the possible causes in human male infertility [21] . More exploitation of animal models showing defective spermatogenesis and detailed investigation of these defects are essential for a better understanding of the genetic mechanisms controlling spermatogenesis.
Previously, we reported a small testis (Smt) mutant mouse with a testis of one third to one half the size of a normal testis [4] . The Smt males are characterized by several unique phenotypes as follows. First, they are completely infertile, although formation of a vaginal plug was usually observed in their female partners. Second, no significant difference from the normal males was seen in body weight and weight of organs such as kidney and seminal vesicle which are influenced by androgen. Third, their spermatogenesis is mainly disrupted at the early stages of meiosis. Fourth, a small number of late spermatocytes (late pachytene to secondary spermatocytes), and round and/or elongating spermatids are occasionally seen.
In the present study, we performed a genome-wide scan for quantitative trait loci (QTLs) for the reduced testis weight and spermatogenic abnormalities in F2 offspring obtained from an intercross between Smt females and males of the MOM strain derived from Japanese wild mice (Mus musculus molossinus).
Materials and Methods

Mice
The origin and breeding process of the Smt strain have been described previously [4] . As the Smt males are infertile [4] , we selected five females from Smt mice at the 4th and 5th generations of brother-sister mating to construct an F2 mapping population for QTL analysis. These five females were confirmed to be homozygous for gene(s) responsible for the small testis mutation by progeny test within the Smt strain, i.e., the females produced a total of 51 male progeny with their testis that were segregated into two clear groups. One consisted of mice with a small testes, the mean weight (± SD) of which at 45-65 days of age was 42.7 ± 5.7 mg (N=27) ranging from 37 to 56 mg. The other consisted of animals with normal testes (123.3 ± 14.9 (N=24), range 101-149). This segregation ratio of the small testis character fitted the 1:1 segregation ratio (χ 2 =0.176, P=0.674) expected for simple Mendelian inheritance as described in a previous study that conducted a mating test within the Smt strain [4] .
The above five females were mated with two males of the inbred strain, MOM, derived from Japanese wild mice (Mus musculus molossinus) [11] . A total of 11 pairs of F1 hybrids produced 221 F2 males for mapping QTLs.
All mice were maintained at 23.0 ± 1°C in 14L: 10D lighting cycles, with ad libitum access to water and pellet food (CA-1, Clea Japan Inc., Tokyo, Japan). All animal procedures were performed according to the Guidelines for Animal Experimentation of the Graduate School of Bioagricultural Sciences, Nagoya University.
Phenotyping
For comparisons of paired testis weights, males at 60 days of age (Smt, N=68, MOM, N=9, and F1, N=6, F2, N=221) were sacrificed. The testes were dissected out and weighed by a digital balance to the nearest 1 mg. Testes were fixed in Bouin's solution, embedded in paraffin, sectioned at 6 µm thickness, stained with H &E and observed under a light microscope.
We randomly selected a single microscopic section from each of the left and right testis, and counted the total number of seminiferous tubules. In the Smt mutant testis more than 90% of the seminiferous tubules contained only spermatocytes and/or spermatogonia. Therefore, we counted the tubules having spermatogonia and/or spermatocytes (primary and/or second spermatocytes) but without round spermatids, elongating and elongated spermatids. This abnormality was named "meiotic defect" (Fig. 1B, 1C and left seminiferous tubule of 1D). Then, we counted the number of tubules having round spermatids but without elongating spermatids (Fig. 1E , middle tubule) and named this trait "spermiogenic defect", because in about 5% of the seminiferous tubules of the Smt mutant, male spermatogenesis can proceed beyond meiotic arrest but it results in abnormal spermiogenesis [4] , and about half of the spermatids contain tubules without elongating or elongated spermatids. Next, we counted the tubules having degenerated germ cells. These cells can be distinguished from normal germ cells by means of dense staining, very smooth cell surface and compact size (Fig. 1C, right tubule) ; and finally, we counted the tubules having multinuclear giant germ cells (right tubule of Fig. 1D ).
The count was done five times. The largest and the smallest numbers were discarded and the average numbers were computed from the remaining three values for each testis. The percentages of the four items were calculated as follows: Sum of abnormal tubules in the left and right testis/total number of seminiferous tubules contained in the left and right testis.
Genotyping
DNA was extracted from tail tips and PCR amplification with microsatellite markers (Research Genetics. Huntsville, AL USA) was performed using standard protocols. PCR products were electrophoresed on 3.5% agarose gels (2% Metaphor + 1.5% Seakem LE, FMC, Rockland, MC) stained with ethidium bromide and photographed under UV light. A total of 81 polymorphic microsatellite markers were used for genotyping (Table  1) .
QTL analysis
Prior to QTL analyses, the correlation between traits and the normality of the distribution for five traits (paired testis weight as a percentage of body weight at 60 days of age and the four spermatogenic traits described above) were analyzed with the statistical package, JMP version 5.0.1a (SAS Institute, Inc., Cary, N.C.). The standard approach for QTL mapping is based on an assumption that the trait variation follows a normal distribution [18] . However, the phenotypes of the five traits departed from this assumption. To reduce the effect of outliers in the phenotypic data, a square-root transformation was used for paired testis weight. The Box-Cox transformation was applied to two of the spermatogenic traits, degenerated germ cells and spermiogenic defect. The other two traits, meiotic defect and multinuclear giant cells, showed a spike in the phenotypic distribution and about 30% of individuals had zero values (Fig. 2B ). In this situation, standard interval mapping based on a maximum-likelihood method is known to have a tendency to produce spurious LOD score peaks in the genomic regions where markers are spaced widely [5] . This was the case with these two spermatogenic traits (data not shown). Hence, we removed 62 individuals with zero value, and performed an arc-sine transformation followed by the Box-Cox transformation on 159 individuals for the meiotic defect trait. As 67 individuals had zero values for the multinuclear giant cells, 154 non-zero individuals were subjected to the Box-Cox transformation. QTL analysis was performed on the assumption that QTL alleles fixed in the Smt strain which was not completely inbred at present. When this assumption is violated, the contrast between alleles from the Smt and MOM will reduce, leading to a reduction in power to detect QTLs, as described in a previous QTL study using non-inbred wild mice [15] . Simple interval mapping (SIM) of both raw data and transformed data for all five traits were performed following the method of Ishikawa et al. [14] with the computer software Map Manager QTXb20, which is based on a regression method [20] , to detect QTLs with main effects and epistatic interaction effects. Furthermore, composite interval mapping (CIM) of transformed data was performed with the computer software Windows QTL Cartographer 2.0 [29] , as described by Ishikawa et al. [14] . CIM can perform QTLs mapping more precisely than SIM because it can control spurious ghost loci by controlling the genetic background containing the other QTLs [34] . Significant threshold levels were determined by 1000 permutations with both software packages. The likelihood of odds (LOD) score was obtained by dividing the likelihood ratio statistics by 4.605. The recombination frequencies (%) were converted into genetic distances in cM using the Kosambi map function and the 95% confidence intervals in cM for each QTL were calculated by the formula of Darvasi and Soller [8] .
Results
Phenotypic characterization
The paired testis weights of Smt males at 60 days old were clearly segregated into two groups (less than 60 mg and larger than 80 mg). The mean weight (± SD) of the small testes was 45.2 ± 5.3 mg, and that of normal testes was 126.5 ± 20.2 mg. The mean paired testis weight of MOM males at 60 days old was 95.9 ± 10.3 mg and that of F1 mice between Smt and MOM strains was 89.8 ± 15.4 mg. This result showed that the paired testis weight of F1 hybrid mice resembled the MOM strain more than the Smt mice. The paired testis weights of Smt, MOM and their F1 hybrids were not correlated to their body weight (data not shown). However, paired testis weight was influenced by body weight in the (Smt × MOM) F2 population (r=0.27, P=6.1 × 10 -5 ). Therefore, relative testis weight (paired testis weight/body weight, %) was used to map QTLs for testis weight. The relative testis weight of F2 showed a continuous distribution (Fig. 2A) . A square-root transformation resulted in a normal distribution (W=0.97, P=2.2 × 10 -1 , Fig. 2C ). Table 2 shows the percentages of spermatogenic abnormalities in Smt and MOM parents and their F1 and 221 F2 males, as well as the trait correlations in the F2. The percentage of meiotic defect tubules was not significantly correlated with that of tubules showing spermiogenic defect (r=-0.06, P=3.7 × 10 -1 ), indicating that these two traits may be independent. The greatest correlation was detected between meiotic defect and degenerated germ cells (r=0.77, P=8.7 × 10 -44 ), implying that the germ cell degeneration occurs during meiosis. Figure 2B shows the distribution of spermatogenic traits in F2 males. No meiotic defect was seen in 62 F2 individuals, and 89 individuals showed meiotic defect tubules at a level lower than 5%. After removal of the 62 individuals, the Box-Cox transformation followed by an arc-sine transformation resulted in a distribution close to the normal (W=0.96, P=5.1 × 10 -3 , Fig. 2C ). The distribution of tubules having multinuclear giant cells also failed to fit the normal distribution and a Box-Cox transformation of 154 non-zero individuals resulted in a distribution close to the normal (W=0.97, P=2.2 × 10 -2 , Fig. 2C ). The distribution of transformed values for spermiogenic defect (W=0.98, P=9.9 × 10 -2 ) and germ cell degeneration (W=0.98, P=2.7 × 10 -1 ) in 221 F2 males are also shown in Fig. 2C .
Simple interval mapping (SIM)
The significant threshold levels estimated by permutation test for the transformed paired testis weight and spermatogenic traits were 3.3-3.5 and 4.7-5.3 at the genome-wide 5% and 1% levels, respectively. A significant QTL with main effect on paired testis weight (LOD=4.8) was found on chromosome 4 (Fig. 3A) , and one highly significant QTL (LOD=5.3) was detected on chromosome X (Fig. 3B) . Meiotic defect is a major character of the Smt mutant. Two QTLs (LOD=4.8 and 3.7) were found on chromosomes 4 and 13 ( Fig.  3C-E) . Three QTLs for germ cell degeneration (LOD=5.0, 4.2 and 5.9) were detected on chromosomes 4, 7 and 13. The QTLs on chromosomes 4 and 13 were nearly in the same genomic region as that detected for the meiotic defect QTLs (Fig. 3C-D) . Likewise, a QTL (LOD=4.9) for multinuclear giant cells was located in the same region of chromosome 4 (Fig. 3A) . Furthermore, a QTL for spermiogenic defect (LOD=3.4) was identified on chromosome 1 (Fig. 3F) . In contrast to the transformed data analyses, a QTL for meiotic defect from the original data was found on chromosome 7 with an unknown reason (Fig. 3D) . The existence of the other QTLs detected from the transformed data was confirmed by QTL analyses of the original data. The LOD scores obtained from the original data were somewhat higher than those from the scale transformed data, but the threshold levels for the original data were similar to those of the transformed data.
Composite interval mapping (CIM)
The parameter estimates, such as map position and confidence intervals, of the QTLs detected by CIM of the transformed trait values are summarized in Table 3 . The significant threshold levels for paired testis weight and four spermatogenic traits were 3.5-3.8 and 4.1-4.6 at the genome-wide 5% and 1% levels, respectively. The numbers of cofactors used for CIM of paired testis weight, meiotic defect, spermiogenesis defect, multinuclear giant cell and germ cell degeneration were 2, 2, 1, 3 and 5, respectively. At least two highly significant QTLs with main effects on paired testis weight were detected on chromosomes 4 (LOD=6.1) and X (LOD= 4.4). The QTLs for meiotic defect were confirmed to be located on chromosomes 4 (LOD=6.7) and 13 (LOD=4.8). Three highly significant QTLs for germ cell degeneration were mapped on chromosomes 4 (LOD=4.3), 7 (LOD=4.4) and 13 (LOD=7.5). One highly significant QTL for multinuclear giant cells was also detected to be located on chromosome 4 (LOD=5.1). However, no QTL for spermiogenic defect (LOD=3.2) reached the genome wide 5% level for CIM (LOD=3.5). These results indicate that the genomic regions where the QTLs were identified did not differ greatly between the two mapping methods, SIM and CIM, except for the chromosome 1 QTL for spermiogenic defect. The QTL detected accounted for 7-19% of the phenotypic variance. They showed an additive or recessive model of genetic inheritance.
Mapping epistatic QTLs
As described by Ishikawa et al. [14] , two significance tests for total and interaction effects of a marker pair were performed to detect QTLs with epistatic interaction effects on transformed data for five traits. The genome-wide 5% and 1% significance levels for total effects, determined by the permutation test of the software Map Manager QTX, were 7.9-9.7 and 11.0-16.0, respectively. The levels of interaction effects, calculated by converting the degrees of freedom from 2 to 4 for the threshold levels obtained from SIM, were 4.3-4.6 and 6.0-6.4. Although 17 pairs of markers were found to have highly significant total effects for the germ cell degeneration trait, only one pair of D4Mit178 and D13Mit27 exceeded the 5% interaction threshold single combination between markers on chromosomes 4 and 6, chromosomes 7 and 13, and chromosomes 8 and 13. For the other traits, no marker pairs exceeded the 5% level.
Discussion
In the present study, we were able to map at least eight significant QTLs with main effects on paired testis weight, meiotic defect, multinuclear giant cells and germ cell degeneration on chromosomes 4, 7, 13 and X by two mapping methods, SIM and CIM. The existence of a QTL for spermiogenic defect on chromosome 1 was shown by only SIM. Furthermore, we uncovered that two main-effect QTLs for germ cell degeneration on chromosomes 4 and 13 epistatically interacted with each other. For meiotic defect, several epistatic QTLs were detected in the original data but not in the transformed data. This discrepancy may be caused by the effect of the scale transformations. Thus we cannot rule out the possibility that the QTLs detected in the original data underlie this trait.
A previous mating test within the Smt strain suggested that the small testis character may be controlled by a single locus on autosomes [4] . This gene is thought to be located on chromosome 4 (personal communication). In contrast, the present study showed that at least two loci on chromosomes 4 and X control this character. Three possible explanations can be given about this discrepancy. First, two or more genes in fact control the small testis character, but all genes are already fixed in the Smt strain except for a gene on chromosome 4. Accordingly, the previous mating test suggested a simple Mendelian inheritance. Second, the number of the mutant genes is actually one, but the present study has detected the actual mutant gene and the other genes responsible for the strain difference, i.e., the difference in genetic background between the Smt and MOM strains used here. Last, both possibilities resulted in the present result. As the last explanation is most likely, we cannot determine the actual number of causative genes affecting the small testis mutation, but the gene on chromosome 4 is probably the main one.
The Smt mouse was found among crossbred C57BL/ 6-T/t w32 , DDK and CBA/J strains [4] . In the present study, no QTL for testis weight was detected on chrolevel. This means that there are two epistatic QTLs linked to the two markers. For the other traits, no marker pairs passed the 5% level for both total and interaction effects.
For the original data, the genome-wide 5% and 1% levels for total effects were 7.9-17.7 and 9.8-24.5, respectively, whereas those for interaction effects were 4.5-5.7 and 5.6-7.0. For germ cell degeneration, 19 pairs of markers, all located on chromosomes 4 and 13, exceeded the 5% levels for both effects. Of these, the pair, D4Mit178 and D13Mit27, which were already confirmed by the above transformed data analysis, exhibited the highest LOD scores for both effects. As shown in Fig. 4 , when mice were double homozygous for the Smt allele at D4Mit178 and D13Mit27, the percentage of germ cell degeneration tubules were highest (29.9%) in nine possible allelic combinations. In contrast, mice homozygous for the MOM allele at D4Mit178 showed the lowest value (less than 5%) irrespective of the genotype at D13Mit27. The epistatic interaction detected explained 10.4% of the phenotypic variance.
In addition, 14 marker pairs passed the two 5% significance levels for the original data of the meiotic defect trait. Of these, 10 pairs consisted of pairs between markers on chromosomes 4 and 13, and the pair D4Mit178 and D13Mit27 showed the highest LOD scores for both total and interaction effects, like the germ cell degradation trait. The other four pairs were a
Fig. 4. Epistatic interaction effect between D4Mit178 and
D13Mit27 in germ cell degeneration. Smt and MOM denote the alleles derived from Smt and MOM mice, respectively. The LOD scores of the total effect (22.1) and interaction effect (7.9) were significant at the genome wide 1% and 5% levels, respectively. The data are expressed as mean ± SE.
mosome 17, where the t locus responsible for male infertility is located [4] . It is unclear whether the small testis mutant was caused by a mutation that occurred during the mixing of the three strains or by the making of a new combination of alleles from the three strains. During the zygotene to pachytene period, synapsis and recombination occur between homologous chromosomes [6] . Disruption of various genes participating in this process leads to the zygotene to early pachytene arrest, and subsequently, apoptotic cell death in the testis. SCP3 is a protein of the synaptonemal complex (SC) required for the formation of axial elements, synapsis and chromatin organization. In the knockout mice for this gene, spermatogenesis is arrested at the zygotene stage of meiosis [33] . FKbp6 (Fk506 binding protein 6) is also a SC component essential for male specific fertility; therefore the spermatocytes of the mutant male fail to proceed beyond the pachytene stage [7] . In the morc (microrchidia) mutant, no pairing of pachytene spermatocyte could be found even though full axial elements are formed [31] . The Pms2 (post meiotic segregation increased 2) knockout mouse shows spermatocyte degeneration from the zygotene stage onward and shows frequent abnormality in chromosome synapsis [1] . In both Mili (current symbol Pwil2: Mivi like homolog 2 (Drosophila)) [17] and Mvh (mouse Vasa homolog) [26] knockout males, spermatogenesis is arrested at the zygotene to early pachytene stages, during which SCP1 and SCP3 expressions are reduced. These examples may indicate that the factors affecting synapsis tend to have sex-dimorphic phenotypes [19] . It is noteworthy that the zygotene to pachytene period is important not only for synapsis, chromosome pairing, DNA repair and recombination, but also for clarification of the sex-dimorphic meiotic differences. Except for Mvh, these male specific, early meiotic defect genes are located on chromosomes 3, 5, 10, 14 and 16, whereas our meiotic defect QTLs are mapped on chromosomes 4 and 13. Mvh is located 67 cM away from the centromere of chromosome 13 (Mouse Genome Database) and is far from our QTL position (24.7-51.3 cM). Consequently, it would be interesting to observe synapsis and synaptic complex in meiotic events, as well as the recombination process in the Smt mutant using a chromosome spreads technique.
It has been revealed that there exists a synapsis checkpoint at the zygotene to pachytene transmission stage, and that the blockage at this checkpoint is likely to cause apoptosis rather than pachytene arrest. Moreover, some defective spermatocytes could escape from this checkpoint barrier (depending on the degree of synapsis, and double strand breaks, DSB) and may be arrested at late meiosis (Metaphase I) or develop to spermatids [23] . These features caused by the checkpoint blockage are very similar to the Smt mutant, in which a few late meiotic spermatocytes and post-meiotic spermatids can be seen. Spermatogenesis in knockout mice for genes EGR-4 (Egr family of zincfinger transcription factors) [27] , Mili [17] , Dmc1 (disrupted meiotic cDNA1 homolog) [32] , SCP3 [33] , Spo11 (sporulation protein, meiosis-specific, SPO11 homolog (S. cerevisiae)) [3] and Msh5 (MutS homolog 5 (E. coli)) [2] is suggested to be arrested at this checkpoint. Considering their important supportive function in spermatogenesis and the different timing of loss of germ cells in males and females, recently, Sertoli cells have been suggested to perform an important role in this checkpoint [2] , but the components and their functions residing in this pathway are still unclear. Interestingly, we have found out that the germ cell degeneration QTLs do not only have a main effect, but also epistatically interact with each other to cause germ cell degeneration. These QTLs and their interaction will give useful and important clues for identifying candidate genes and their cytological functions in the meiosis and synapsis checkpoint.
Multinuclear bodies or giant germ cells are found in spermatogenesis in elder humans [13] and some mutant mice. This phenotype is frequently observed together with the defect in the late meiotic stages in INK4d (current symbol Cdkn2d, cyclin-dependent kinase inhibitor 2D (p19, inhibits CDK4)) [35] , Mlh1 (mutl homolog 1 (E. coli)) [9, 10] , Ccne1 (cyclin E1) [12] and Ccna1 (cyclin A1) [28] knockout mice. It has been considered that formation of a multinuclear body may result from the inability of spermatocytes to perform meiotic divisions [23] and is more likely, to be correlated with the spindle checkpoint [9, 23] . However, rare researchers have reported the mechanisms, and the knockout genes are located on chromosomes 3, 7 and 9; therefore our QTL for multinuclear giant cells on chromosome 4 may give new information for revealing this checkpoint mechanism.
X-linked genes have important roles in male infertil-ity and speciation. Several studies have detected QTLs affecting testis weight. By analyzing the effect of MSM/ Ms derived X chromosome on C57BL/6J background, a testis weight QTL was found in the region of DXMit4-DXMit249 and it has been suggested that this region may be correlated with testis weight variation rather than spermatogenesis [24] . Our result is in accord with this view because the testis weight QTL showed high significance in this region, whereas all other traits showed lower LOD scores for X chromosome (data not shown). Using testis weight differences between C57BL/6By and NZB/BINJ, several QTLs were found, with two of them, the QTLs on chromosomes 4 and chromosome X [25] , overlapping the QTLs detected in the present study. In summary, using the unique small testis mutant mice, we have detected QTLs with main effects on testis weight, meiosis, multinuclear giant cells and germ cell degeneration, and QTLs with epistatic interaction effects on germ cell degeneration. Further identification of these genes and their function may reveal important information for uncovering the molecular mechanisms in the synapsis checkpoint, spindle checkpoint, and sex-dimorphic meiotic systems.
